We report on XMM-Newton EPIC observations of the young pulsar J2022+3842, with a characteristic age of 8.9 kyr. We detected X-ray pulsations and found the pulsation period P ≈ 48.6 ms, and its derivativeṖ ≈ 8.6 × 10 −14 , twice larger than the previously reported values. The pulsar exhibits two very narrow (FWHM ∼ 1.2 ms) X-ray pulses each rotation, separated by ≈ 0.48 of the period, with a pulsed fraction of ≈ 0.8. Using the correct values of P andṖ , we calculate the pulsar's spin-down powerĖ = 3.0 × 10 37 erg s −1 and magnetic field B = 2.1 × 10 12 G. The pulsar spectrum is well modeled with a hard power-law (PL) model (photon index Γ = 0.9 ± 0.1, hydrogen column density n H = (2.3±0.3)×10 22 cm −2 ). We detect a weak off-pulse emission which can be modeled with a softer PL (Γ ≈ 1.7 ± 0.7), poorly constrained because of contamination in the EPIC-pn timing mode data. The pulsar's X-ray efficiency in the 0.5-8 keV energy band, η PSR = L PSR /Ė = 2 × 10 −4 (D/10 kpc) 2 , is similar to those of other pulsars. The XMM-Newton observation did not detect extended emission around the pulsar. Our re-analysis of Chandra X-ray observatory archival data shows a hard, Γ ≈ 0.9 ± 0.5, spectrum and a low efficiency, η PWN ∼ 2 × 10 −5 (D/10 kpc) 2 , for the compact pulsar wind nebula, unresolved in the XMM-Newton images.
INTRODUCTION
Nonthermal emission of rotation-powered pulsars (RPPs), observable from the radio to γ-rays, is powered by the loss of their rotational energy. X-ray observations of RPPs allow one to understand the origin and mechanisms of the nonthermal emission from the pulsar magnetosphere and thermal emission from the neutron star (NS) surface. If the pulsar is young enough, X-ray observations can also detect the pulsar wind nebula (PWN), whose synchrotron emission is generated by relativistic particles outflowing from the pulsar magnetosphere, and the supernova remnant (SNR), formed by the same supernova explosion as the pulsar. They are particularly useful for pulsars that have been observed at other wavelengths, in which case the multi-wavelength data analysis helps to understand the properties of the emitting particles, the locations of the emitting regions, and the mechanisms involved in the multi-wavelength emission.
PSR J2022+3842 is a young, energetic pulsar, discovered by Arzoumanian et al. (2011) (henceforth referred to as A+11) in a 54 ks Chandra X-ray observatory (CXO) observation of the radio SNR G76.9+1.0 (Landecker et al. 1993) . Although A+11 found no evidence for G76.9+1.0 in the CXO data, they did find a point source CXOU J202221.68+384214.8, surrounded by a faint nebulosity, at the center of the radio SNR, which they interpreted as a pulsar and its PWN. A+11
Electronic address: prakash@astro.psu.edu fit an absorbed power-law (PL) model to the pulsar spectrum and found a hydrogen column density n H,22 ≡ n H /(10 22 cm −2 ) = 1.6 ± 0.3 and a photon index Γ = 1.0 ± 0.2. From an absorbed PL fit of the PWN spectrum, they obtained an unusually low absorbed flux ratio F PWN /F PSR ≈ 0.08 in the 2-10 keV band (assuming fixed n H,22 = 1.6 and Γ = 1.4 parameter values).
From follow-up observations in the radio with the Green Bank Telescope (GBT) and in X-rays with the Rossi X-ray Timing Explorer (RXTE), A+11 found a pulsation period P = 24 ms with a spin-down rateṖ ≈ 4.3×10 −14 s s −1 (MJD 54957-55469), and a spin glitch of magnitude ∆P/P ≃ 1.9×10
−6 (between MJD 54400 and 54957). They derived the pulsar's dispersion measure DM = 429.1 ± 0.5 pc cm −3 , which formally corresponds to very large distances, D > 50 kpc in the NE2001 Galactic electron distribution model (Cordes & Lazio 2002) . However, the authors noted that a likely overdensity of free electrons in the Cygnus region, along the line of site, may account for the higher-than-expected DM, so the actual distance remains uncertain.
The pulsar's 2-20 keV X-ray pulse profile, obtained with the GBT/RXTE ephemeris, shows a single narrow pulse (FWHM = 0.06 of full cycle) with a 91% -100% pulsed fraction (A+11). The authors fit a Γ = 1.1 ± 0.2 PL model to the pulsed spectrum with fixed n H,22 = 1.6. They derived the pulsar's spin-down powerĖ = 1.2 × 10 38 erg s −1 , and estimated the pulsar's 0.5 -8
, where D 10 is the distance to the pulsar in units of 10 kpc. In summary, A+11 characterized this distant pulsar as the most rapidly rotating non-recycled pulsar and the second most energetic Galactic pulsar known (after the Crab pulsar), but far less efficient at generating a PWN and converting the spin-down power to X-rays.
The pulsar has not been detected in the γ-rays, perhaps due to its location amidst a particularly crowded region in the γ-ray sky. An unidentified Fermi source 2FGL J2022.8+3843c is listed in the Second Fermi Catalog, and given a tentative association with the SNR G079.6+01.0 (Nolan et al. 2012) . Abdo et al. (2013) discuss a possible pulsar counterpart ∼ 0.
• 06 from the pulsar position, which they claim to show a PL spectrum with exponential cut-off, but still without any pulsations.
To study the pulsar's phase-resolved X-ray spectrum and further investigate its unusually faint PWN, we carried out a 110 ks XMM-Newton observation of J2022+3842. In this deep observation we searched for X-ray counterpart of the radio SNR, an extended PWN and the pulsar's off-pulse emission. We also performed X-ray timing of the pulsar and phase-resolved spectral analysis.
OBSERVATION AND DATA ANALYSIS
Pulsar J2022+3842 was observed with the European Photon Imaging Camera (EPIC) of the XMMNewton observatory (obsid 0652770101) on 2011 April 14 (MJD 55665) for about 110 ks. EPIC-pn chip #4 and EPIC-MOS2 chip #1 were operated in timing mode while the EPIC-MOS1 camera and the rest of the MOS2 chips were operated in imaging mode. The EPIC data processing was done with the XMM-Newton Science Analysis System (SAS) 12.0.0 1 , applying standard tasks. The observations were partly affected by soft-proton flares. These flaring events are characterized by periods of significantly higher background and rapid variability. Periods of strong flaring are better identified using light curves of single pixel events (Pattern = 0) with energies > 10 keV, henceforth referred to as flaring light curves 2 . In Figure 1 , we show the EPIC-pn (chip #4) and MOS1 flaring light curves and the count rate cut-offs used to select Good Time Intervals (GTIs). We simultaneously optimized the GTIs and source events extraction regions to extract the highest signal-to-noise (S/N) spectra. Events extraction from MOS2 can accommodate more flaring intervals when a small extraction region is selected for the source, while the EPIC-pn timing mode data automatically include a large background region along the chip columns and hence require removal of most of the flaring intervals to maintain a high S/N. The GTI-, energyand region-filtered data have net exposures of 61.72 ks in EPIC-pn, 105.10 ks in MOS1, and 97.8 ks in MOS2.
Using the SAS source detection task emldetect on the MOS1 image (Figure 2) 
Timing Analysis
In the EPIC-pn (PN hereafter) timing mode, the events collected over the entire chip #4 are collapsed into the read-out row (coordinate axis RAWX) and are read out at a high speed, providing a time resolution of 30 µs at the expense of positional information along the coordinate axis RAWY. In Figure 3 (top-right panel), we show the GTI-filtered 0.5-12 keV PN data by plotting the events' RAWX positions against their times of arrival (TOAs). Note that this representation is different from the conventional RAWX versus RAWY plot. The plotted time coordinate represents elapsed time since the start of observation, and the horizontal gaps in the plot represent flaring intervals from which data has been discarded; the initial 25 ks of the filtered flaring interval is omitted from the plot (see Figure 1 , top panel).
Since positional information is available only along one coordinate for all events in PN, we located the target and other sources in the field by analyzing the MOS1 imaging mode data. By identifying the PN timing-chip's field-of-view (FOV) on the MOS1 image (Figure 3 , topleft panel), we found two potential contaminant sources, C1 and C2 (Figure 2) , with the projected RAWX separations from the target of about 9
′′ and 8 ′′ (≈ 2 PN pixels of 4.
′′ 1 × 4. ′′ 1 size). C1 and C2 spectra are soft, with significant emission only below 2 keV, while the pulsar's spectrum is harder, with strong attenuation below 1 keV (section 2.2). Hence, we distinguish the target and contaminant positions and contributions by plotting the PN RAWX position histograms for events with energies 0.5-12 keV, 2-12 keV and 0.5-2 keV ( Figure 3 , bottom panel). The pulsar is centered at RAWX = 40, as seen clearly in the 2-12 keV histogram, while C1 and C2 contributions peak at RAWX = 42, as seen in the 0.5-2 keV histogram.
For timing analysis, we extracted events from the RAWX segments 36-41, which excludes a significant fraction of events from the adjacent contaminant sources and provides the highest significance of pulsations. A total of 9755 events were extracted over a time span of 82512 s, in the 0.5-12 keV range.
We applied the standard SAS task barycen to transform the X-ray event times from spacecraft Terrestrial Time (TT) to Barycenter Dynamical Time (TDB). We found the previously reported 41 Hz pulsations (A+11) using Z 2 1 test (e.g., Buccheri et al. 1983 ). However, subsequent phase folding over twice longer period reveals two distinct pulses with markedly unequal fluxes. We conclude that the pulsar has a twice smaller pulsation frequency, about 20.5 Hz, with two narrow peaks per period (main pulse and interpulse).
To measure the frequency more precisely and estimate the frequency derivative, we switched to Z 2 n tests (n > 1 is the number of harmonics included), which are more sensitive in the case of narrow double peaks. We searched the ν-ν space in the box 20.584 Hz < ν < 20.586 Hz, −4.7 × 10 −11 Hz s −1 <ν < −2.7 × 10 −11 Hz s −1 , with step sizes of 1 × 10 −10 Hz and 1 × 10 −14 Hz s −1 , and found Z We show the results of Z 2 n tests, for n = 1-17, in the top panel of Figure 4 . The H test (de Jager et al. 1989) fails to find a reasonable value for the number of statistically significant harmonics, as the H-statistic is an increasing function of n even beyond n = 30. Adopting Z 2 n test with multiple harmonics (n ≥ 12), as is expected for very narrow pulse profiles, we consistently find the test statistics reaching maxima at ν XMM = 20.58511983(1) Hz,ν XMM = −4.05(13) × 10 −11 Hz s −1 . The corrected pulsar ephemeris at the RXTE observation reference epoch of 55227.00000027, ν RXTE = 20.5865044829(71) Hz,ν RXTE = −3.6501(79) × 10 −11 Hz s −1 , is straight-forwardly inferred from the values reported by A+11. From this ephemeris, the expected frequency at the reference epoch of the XMM-Newton observation is 20.5851193(30) Hz, which coincides with the measured ν XMM at a 0.2σ level. Conversely, using the frequency values at the RXTE and XMM-Newton epochs, we calculate the long-term frequency derivativė ν XMM−RXTE = (ν XMM − ν RXTE )/∆T = −3.64861(3) × 10 −11 Hz s −1 (where ∆T = 439.238 days is the difference between the epochs). Being more precise thaṅ ν RXTE due to the much longer time span, this estimate is consistent withν RXTE at the 0.2σ level, which suggests that there were no glitches between the RXTE and XMM-Newton observations. It, however, differs by about 3σ fromν XMM . Given the excellent agreement betweenν RXTE andν XMM−RXTE , and the relatively short time span of the XMM-Newton observation (82 ks versus 691 ks for the RXTE observation), we considerν RXTE (oṙ ν XMM−RXTE if we believe there were no glitches between the two observations) more reliable thanν XMM . The timing solution and derived pulsar properties are listed in Table 1 .
The 0.5-12 keV folded (ν = 20.58511983 Hz, ν = −3.65 × 10 −11 Hz s −1 , zero phase epoch = 55666.23783581) and binned (250 equal bins) X-ray pulse profile is shown in the top panel of Figure 5 . In order to determine the pulse phase and pulse separation accurately, we first smooth the data using an adaptive kernel density estimation (KDE) technique (Feigelson & Babu 2012) . We assign Gaussian kernels to each event with a bandwidth adapted to the number density of events at its phase. The smoothed and area-normalized pulse profile is shown in the bottom panel of Figure 5 . The main pulse and interpulse peak at phases φ main = 0.254±0.001 (FWHM = 0.020 ± 0.002) and φ inter = 0.734 ± 0.002 (FWHM = 0.023 ± 0.002), i.e., the pulse separation is 0.480 ± 0.003. We determine the base widths of the main pulse and interpulse to be ≈ 0.074 and ≈ 0.070, respectively, using a count-rate cut-off (dashed, green line Figure 5 ) just above the off-pulse average of ≈ 29.4 counts per bin (dotted black line). We estimate the pulsed frac- Characteristic age τ (kyr) 8.9
Surface dipole magnetic field Bs (G) 2.1 × 10 12 tion p = 0.77 ± 0.02, defined as the ratio of backgroundsubtracted counts in the two pulses (N pulsed = 2703) to the background-subtracted net source counts (N net = 3488, N bgd = 6267). The intrinsic pulsed fraction p int of the pulsar radiation is higher because of some contribution from the unresolved PWN. Using the PWN flux measured from the CXO ACIS data (see Section 2.2), we estimate p int = 0.84 ± 0.03. The 1σ uncertainties for the pulse profile parameters quoted above are found through Monte-Carlo estimations with non-parametric bootstrap re-sampling of our data (Feigelson & Babu 2012) . We performed a similar analysis of the MOS2 tim-ing mode data. The MOS2 CCD has a lower sensitivity than PN and a considerably lower time resolution of 1.5 ms. We achieved highest S/N for 2820 total counts extracted in the 1.1-8 keV range, over 109.7 ks of the observation, of which only 646 ± 35 were from the source. The Z 2 2 test returned a high statistic Z 2 2,max = 862 for ν = 20.58511995(8) Hz andν = −3.65(60) × 10 −11 Hz s −1 , at the reference epoch 55666.23783581, consistent with the PN timing ephemeris. We, however, found the phase-folded pulse profile to be noisy due to low source counts, with the pulses broadened due to the poorer time resolution of MOS2. We also found an absolute timing error of ≈ +6.8 ms, comparing the phase shift of the MOS2 pulse profile with respect to the PN profile. Due to the lower S/N and the lack of recent calibration information 3 , we exclude the MOS2 data from further analysis.
Spectral Analysis
We use XSPEC v.12.7.1 4 for X-ray spectral analysis.
We model absorption by the interstellar medium (ISM) using the Tübingen-Boulder model (Wilms et al. 2000) through its XPEC implementation tbabs, setting the abundance table to wilm (Wilms et al. 2000) and photoelectric cross-section table to bcmc (Balucinska-Church & McCammon 1992), with new He cross-section based on Yan et al. (1998) . We perform chi-square fitting of the spectra (C-statistic for contaminant C2), and quote the 90% confidence uncertainties for the model parameters evaluated for single interesting parameter.
Prior to pulsar spectral analysis, we modeled the spectra of the contaminating sources C1 and C2 (see Figure  3) , using the MOS1 and archival (ObsID #5586) CXO ACIS-S data.
In the MOS1 image, contaminant C1 at coordinates α = 20 h 22 m 20. s 9, δ = +38
• 43 ′ 28. ′′ 55 is offset by 75 ′′ from the pulsar, but this separation projected onto the onedimesional (1D) PN image is just 9
′′ . For spectral fitting, we extracted events from a 12 ′′ radius circle around the source in MOS1 (308 net source counts in the 0.2-10 keV band) and from a 4.
′′ 2 radius circle in ACIS-S (349 net counts in 0.3-10 keV band). This source is coincident with HD 194094, a B0V star likely associated with the open cluster M29 at D ≈ 1.15 kpc in Cygnus 5 . We fit the stellar spectrum with a two-component APEC model (calculated using ATOMDB code v2.0.1 6 ) which describes the emission from shocked, collisionally-ionized winds seen in such early-type stars. For the best fit (χ unidentified soft X-ray point source. For spectral fitting, we extracted events from a 10 ′′ radius circle around the source in MOS1 (133 net counts in 0.4-10 keV band), and from a 3.
′′ 8 radius circle in ACIS-S (136 net counts in 0.3-10 keV). A C-statistic (Cash 1979) (see Figure 7 ). The low-energy part of the pulsar's emission (E 0.5 keV) is strongly absorbed by the ISM because of the large distance and proximity to the Galactic plane (b = 0.
• 96). To fit the phase-integrated spectrum, we used the MOS1 and ACIS-S data in the 0.5-10 keV band, while for the PN data we chose a narrower 2-10 keV band to reduce the contamination from the soft X-ray sources C1 and C2, whose contribution is significant below 2 keV (see Figures 6 and 7) . The extraction parameters and net counts for different instruments are given in Table 2 .
We find that an absorbed PL model with Γ = 0.93
fits the phase-integrated spectra very well (Table 3 , Figure 8 ). Inclusion of the contamination-free MOS1 and ACIS-S spectra with a lower energy cut-off allowed us to constrain the hydrogen column density, n H,22 = 2.32
+0.29
−0.26 . The two parameter confidence contours for this PL fit are shown in Figure 9 .
The photon index we measured is consistent with that obtained by A+11 from the ACIS-S data, but the hydrogen column density is substantially different from n H,22 = 1.6±0.3 obtained by Arzoumanian et al. (2011) . Our separate fit of the ACIS-S pulsar spectrum gave all the fitting parameters close to those obtained in the PN+MOS1+ACIS-S fit, including n H,22 = 2.2 ± 0.4. The discrepancy in the n H values is due to the different absorption model (phabs with abundance table angr; Anders & Grevesse 1989) used by A+11.
To examine the dependence of spectral parameters on pulsation phase, we divided the pulse profile into main pulse, interpulse and off-pulse regions and analyzed their spectra individually. The main pulse contributes ≈ 40% of the total pulsar counts in just ∼ 10% phase interval. This allowed us to extract a high-quality (S/N > 30) main-pulse spectrum in the 0.5-10 keV range, from a narrow 12.
′′ 3 segment around the target position in the 1D PN image, with low contamination. A PL model with Γ ≈ 0.9 fits the main pulse spectrum well (Table 3, Figure 10 ).
Since the number of counts in the interpulse is lower than in the main pulse, we could not simultaneously minimize the effect of contamination and reach a sufficiently high S/N through spatial or energy filtering. The effect of contamination is even stronger for the off-pulse emission, which barely exceeds the background level. So, for interpulse and off-pulse spectral analysis, we extracted events in the 0.5-10 keV range, from regions spatially encompassing the pulsar and the contaminating sources. Then, we added the best-fit C1 and C2 spectral models to the model for the pulsar emission and fit the combined pulsar+contaminants spectra. We do not include any separate model for potential PWN contribution. In addition, we fixed the n H value for the pulsar at n H,22 = 2.32, obtained from the phase-integrated fit. The procedure outlined above provides the best constraints on the photon index for the interpulse and off-pulse emission. The extraction parameters are listed in Table 2 , and the fitting parameter values are listed in Table 3 . The best spectral fit and residuals for interpulse emission are shown in Figure 11 , and for off-pulse emission in Figure 12 . The interpulse PL slope is close to that of the main pulse while for the off-pulsar emission the spectrum appears to be softer, but with a large uncertainty in its slope.
Our search for a PWN in the XMM-Newton data did not yield positive results. We fit the ACIS-S PWN spectrum with a PL model at fixed n H,22 = 2.32 and obtained Γ = 0.9 ± 0.5, which is marginally consistent with Γ = 1.4 assumed by A+11. The PWN flux measured in the elliptical region with 8.
′′ 3 and 5. ′′ 1 semimajor and semiminor axes, F abs 0.5−10keV = 5 +2 −1 × 10 −14 erg cm −2 s −1 , is consistent with that estimated by A+11.
SUMMARY AND DISCUSSION
We did not detect any prominent extended emission in the 105 ks MOS1 exposure of the region around PSR J2022+3842. The presence of a large number of Xray point sources around the pulsar hinders quantitative spatial analysis for assigning restrictive upper limits on . Top: n H -Γ confidence contours at the 68%, 90%, and 99% levels for the phase-integrated spectral fit. Bottom: N −5 -Γ confidence contours at the 68%, 90%, and 99% levels for the phase-integrated spectral fit. N −5 is the PL normalization in units of 10 −5 photons cm −2 s −1 keV −1 at 1 keV.
the extended emission from either the SNR or the PWN.
Our timing analysis has shown that the true pulsar Figure 10 . Absorbed PL fit and its residuals for the main pulse spectrum.
period, P ≈ 48.6 ms, and period derivative,Ṗ ≈ 8.6 × 10 −14 , are twice larger than those reported by A+11, and the phase-folded light curve has two peaks per period, the main pulse and the interpulse, separated by ≈ 0.48 of the period. Using these P andṖ values, we re-evaluated the pulsar's spin-down power,Ė = 3.0 × 10 37 erg s −1 , and magnetic field strength B = 2.1 × 10 12 G. The X-ray pulses are very narrow compared to most of the pulsars with known X-ray pulse profiles. However, a young (τ = 5.4 kyr), rapidly rotating (P = 65.7 ms) PSR J0205+6449 shows a similar X-ray pulse profile and spectral characteristics (Kuiper et al. 2010) . The very narrow X-ray pulse profiles and hard X-ray spectra of these pulsars indicate that the X-ray emission originates from the pulsar magnetosphere. The doublepeaked profile, with separations of ≈ 0.48 and no discernible bridge emission, indicate emission from diametrically opposite sites in the pulsar magnetosphere. Gamma-ray light curves possessing similar characteristics favor a high magnetic obliquity (large angle α be- tween the rotation and magnetic axes) for the pulsar (Watters et al. 2009 ). From radio and γ-ray light curve modeling of PSR J0205+6449, Pierbattista et al. (2014) estimate α ≈ 80
• for the pulsar. If the similarities to PSR J0205+6449 do extend to the γ-ray regime, PSR J2022+3842 could be established as a nearly orthogonal rotator. This can be further tested through the γ-ray light curve modeling (if γ-ray emission is detected in future), or through the radio polarization measurements.
Our estimate of the total hydrogen column density (neutral, ionized and molecular) towards PSR J2022+3842, n H,22 = 2.32 +0.29 −0.26 , obtained using the tbabs model with wilm elemental abundances, is significantly higher than the previous estimate, n H,22 = 1.6 ± 0.3 (A+11), obtained using the phabs model with angr abundances. We conclude that estimating hydrogen column densities through X-ray spectral modeling of emission from heavily obscured targets is highly sensitive to the ISM absorption model and abundance table used.
The phase-integrated pulsar spectrum fits a hard PL model with Γ = 0.9 ± 0.1. The main pulse and the interpulse contribute ∼ 80% of the total emission. The off-pulse spectrum is poorly constrained due to contamination and an inherently weak signal. A possible source of the off-pulse emission could be the compact PWN, which cannot be resolved by XMM-Newton because of its broad point spread function. Comparing the PN offpulse spectrum with the ACIS-S PWN spectrum (see Table 3), we find different best-fit values of photon index and flux, but the uncertainties are too large to claim the distinction between the two spectra to be statistically significant. From re-analysis of the ACIS-S data, we also found the PWN spectrum to be harder than previously assumed, with Γ = 0.94 +0.46 −0.48 . This result is consistent with the empirical correlation between the PWN photon index and its 2-10 keV luminosity (and, more tightly, the PWN X-ray efficiency (see Figure 1 and Figure 7 in Li et al. 2008) .
We have assessed that the pulsar has a factor of 4 lower spin-down power and a slightly higher X-ray flux than reported by A+11. As a result, our pulsar X-ray efficiency estimate is a factor of 4 higher, η is comparable to those of other young, energetic pulsars for the adopted distance of 10 kpc (for illustrative purposes, we assign 25% uncertainty to J2022+3842's distance). In contrast, the associated PWN efficiency, η PWN 0.5−8keV ∼ 2 × 10 −5 D 2 10 , is the lowest among young pulsars with comparable values ofĖ ( Figure 13, bottom  panel) . A low magnetic obliquity might in principle explain a weak PWN, but is disfavored by the observed X-ray light curve. The reason for so low PWN efficiency remains to be understood.
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